Abstract-A method applied to the design of reflectarray antennas that combines a real-valued particle swarm optimization (PSO) algorithm, used to carry out the synthesis of the phases at each reflectarray element, with the conjugate gradient fast Fourier transform (CG-FFT) method considered to obtain the design curves for the elements, is presented in this work. The analysis method has been validated against results available in the literature for rectangular patches. Furthermore, the method is able to analyze any geometry that can be properly modeled by a uniform mesh on both directions in the unit cell. At this moment, only one metallic layer, apart from the ground plane, can be analyzed.
I. INTRODUCTION
In recent years, the interest in the use of reflectarrays to replace parabolic reflectors in some applications has grown significantly, due to their lower volume and better mechanical properties. There is a recently published monograph that takes up many of the historical developments and recent works in this field [1] . Basically, these structures consist of one or several layers of metallic elements supported by dielectric materials over a ground plane. The geometry of the metallic elements is controlled in a local way in order to apply the required delay so as to shape the radiation pattern of the reflectarray (Fig. 1 ). There are different kinds of geometries depending on the polarization characteristics required: conductive strips, slots, rings, slotted rings, crosses, patches, …etc.
The main limitation of reflectarrays deals with their narrow bandwidth, which is related to the electrically large size of the reflectarray and to the kind of elements used to apply the phase delay. In order to overcome this limitation, the most commonly used technique is to introduce several layers of coupled elements.
Basically, the design of a reflectarray involves a phase-only synthesis to meet the specified restrictions of a certain radiation pattern. As a result of the synthesis process, the set of delays that has to introduce any of the elements of the reflectarray is obtained. In order to characterize the phase response of each element of the reflectarray, local periodicity conditions are often considered. In this work, a novel approach applied to the design of reflectarrays that combines the heuristic particle swarm optimization algorithm (PSO) (used to obtain the phase response that have to produce the elements of the reflectarray) with the conjugate gradient fast Fourier transform (CG-FFT) method (used to obtain the design curves of the elements) is presented.
The phase only synthesis problem involves a significant computational time when the approach is applied to large reflectarrays consisting of several thousand of patches. For this reason, in this work other stochastic optimization algorithms have also been investigated apart from the classical PSO, including a genetic algorithm based scheme (microgenetic algorithms or μGA) and hybrid approaches mixing up PSO and μGA. Finally, illustrative results for the synthesis and analysis process are included and discussed.
II. PHASE-ONLY SYNTHESIS AND THE PSO ALGORITHM
The so called modern heuristic algorithms such as simulated annealing (SA), genetic algorithms (GA), the particle swarm optimization (PSO) and differential evolution (DE), among others, have aroused great interest because of their suitability when applied to a wide variety of applications. These algorithms try to mimic in a computational way, natural, biological or evolutionary processes. Focusing on the PSO algorithm, it is based on the movement and behaviour of groups such as flocks of birds or swarms of bees. In this paper, a classical PSO with real coding, asynchronous updates of the swarm and a global topology has been considered [2] , adding a tournament selection strategy to increase search pressure.
The selection mechanism tries to speed up and drive the search towards the most promising areas within the search space. The main drawback associated with tournament selection is the risk of premature convergence towards a local solution, as one or more copies of the fittest particles in the swarm will be the ones directing the search. In fact, the success of the modified selection-based approach depends on the ability to preserve the diversity of the population.
In the PSO algorithm, the swarm consists of I Ndimensional particles with velocities and positions given by the vectors V i = (v i1 , v i2 , ..., v iN ) and X i = (x i1 , x i2 , ..., x iN ) , respectively. The movements are performed according to the following expressions:
in which suffixes in represent the n-th dimension of particle i, c 1 In PSO terminology, each particle within the swarm represents a potential solution to the problem at hand and, in this case, consists of the set of phase delays that any of the elements of the reflectarray has to introduce to meet the radiation requirements given in terms of several masks. In order to weigh up the accuracy of any particle during the iterative process, the fitness function in (3) has been considered. This fitness function compares at P points the signal levels A p provided by the reflectarray under the conditions of excitation and phase at any time, with the upper and lower masks, UM and LM respectively, related to the desired radiation pattern.
( )
Furthermore, it has been considered a cos q θ radiation pattern for the feeder, and the amplitude of the field reflected by every patch is fixed by the feeder. Moreover, the phase of the field reflected by the reflectarray is calculated as the sum of the phase difference due to the propagation from the feeder to the center of each element, and the phase of the reflection coefficient associated with that patch. As stated above, this set of phases makes up each particle for the PSO. In this paper, only copolar contributions have been considered, just to perform the initial validation of the method, so that the radiated field is given by:
where: In (4)- (7), N x and N y are the number of the reflectarray elements along each direction, d x and d y represent the periodic cell dimensions, θ and φ are the observation directions, A m,n is the field amplitude on each reflectarray element, φ m,n is the phase of the reflected field in the center of each element, value from which the delay to be applied is obtained; and k x and k y are the x and y components of the wave-number vector.
This set of phases, φ m,n , make up the position vector of the PSO algorithm to be optimized following the process described previously and in such a way that the radiation pattern achieved fulfils the specifications imposed by the masks, guided by the fitness function specified in (3). As a representative example, Fig. 2 shows typical evolutions of the fitness value or residual error for different populations (I). 
III. ANALYSIS OF THE ELEMENTS WITH THE CG-FFT METHOD
In order to carry out the implementation of the reflectarray making use of the phase differences obtained with the PSO based method, it is necessary a tool that makes it possible to find out the appropriate size for each element so as to achieve the required phase difference. Several methods like MoM, FEM, FDTD or GSM can be used for this purpose, but in this work the CG-FFT method [3] has been considered to obtain the response of the single layer structures analyzed.
The CG-FFT method obtains the field reflected by the reflectarray under a periodic infinite array approximation, by solving the electric field integral equation through an iterative process to obtain the phase of the reflected field.
If a periodic structure is considered, the calculation process benefits from the discrete nature of the problem in the transform domain. Rooftop basis functions and blade-razor test functions to represent the currents over the metallization of the unit cell and perform the averaging, are used respectively. The sampling process leads to the following expressions for the conjugate gradient operators: At the moment, only a single layer of elements is considered, although it is being investigated the possibility of introducing more layers in the process or even use a cascade connection technique similar to that used with the GSM method.
In order to check the accuracy of the analysis method, some previous results found in the literature have been used as a reference [4] . Fig. 3 shows the evolution of the phase of the reflection coefficient at 10 GHz for a periodic surface with a 20mm period in both directions, consisting of rectangular patches of 10mm side, and obtained by modifying the length of the other side. Moreover, the structure has been excited with a linearly y-polarized plane wave with normal incidence. The relative dielectric constant ranges from 2.2 to 5.0 ( Fig.  3(a) ), and the dielectric thickness ranges from 0.75mm to 3.0mm (Fig. 3(b) ).
IV. RESULTS FOR COUNTERED BEAMS
Representative results obtained for two reflectarrays consisting of 900-and 10000-elements are presented. Fig. 4 shows the results obtained for the 900-elements reflectarray placed 1000Km away from the earth surface when trying to fit the radiation pattern presented in Fig. 4(a) , associated with two large regions in Spain. For the PSO algorithm, a swarm of 200 particles, a maximum of 5500 iterations, along with some specific parameters for the PSO have been considered (w=0.729, c 1 =c 2 =1.49445, reflecting wall and maximum speed for the particles, V max , equal to 50% the dynamic range on each dimension [0-360º], [2] ). The frequency is 18GHz and the period in both dimensions is 10 mm.
The problems arise when large reflectarrays are considered, as the number of unknowns increase dramatically, making it more difficult for the PSO to carry out the exploration in such a high-dimensional and multimodal search space. As an example, Fig. 5 shows the results for the 10000-elements reflectarray located on the geoestacionary earth orbit and intended to illuminate Australia. In this case, the PSO uses a swarm with 800 particles. The convergence of the proposed phase-only synthesis method slows down significantly when such a big size problem is considered. This fact becomes more noticeable because the selected distances and dimensions agree with a real satellite communications example, so the directivity can not be fitted accurately. V. PSO HYBRIDIZATION WITH A GA METHOD In order to investigate the possibility of reducing the high computational cost, especially for large reflectarrays, alternative heuristic methods have also been tested when carrying out the phase-only synthesis. It has also been tried hybridizing several methods to improve the effectiveness of the isolated PSO algorithm with tournament selection.
Among the options investigated, GA turned out to be an interesting choice on its application to the synthesis problem at hand. Similar in some way to PSO, GA [5] are based on the principles of natural selection and evolution using in this case three operators (selection, crossover and mutation) to mimic this behavior in a computational way. Different GA-based schemes are available in the literature and one of them, the so called micro-genetic algorithms (μGA) clearly overcome the limitations of the classical GA concerning the computational cost [6] . The following paragraphs summarize some representative results achieved with the μGA for medium-size reflectarrays, including a comparison with the ones achieved with the PSO-based algorithm.
Regarding the μGA and considering tournament selection, a uniform crossover operator with a cross rate of 0.7, elitism, and 8 bits to encode each phase to be optimized, Fig. 6 shows the evolution of the fitness value, i.e. the residual error against the number of fitness function calls, for different population sizes and when averaging the results of 4 independent runs. According to Fig. 6 , some interesting conclusions can be drawn. On the one hand, the higher the population size is, the smaller the residual error is achieved. On the other hand, if the population size (I) is too large, the initial convergence slows down significantly as the exploration becomes more intensive just till the population focuses around a certain promising region. However, if the population is too small the μGA stagnates as the whole population follows the tendencies imposed by the fittest individuals, making diversity vanish and restart the μGA too early, without introducing significant improvements.
The best final solution achieved by the μGA algorithm has a fitness value of 132 whereas better results are obtained with the PSO with tournament selection, reaching a fitness value of 6 (Fig. 7) . Moreover, comparing results in Figs. 6-7, it can be concluded that the PSO based algorithm exhibits a far faster convergence, exploring the search space in a more efficient way than the μGA based approach. However, both algorithms can be used altogether in order to check if the hybridized optimization approach can overcome any of the isolated schemes. In this sense, let us take the μGA to launch the process and perform an initial global search, and later on use the PSO to carry out the last search. Fig. 8 includes results for both the isolated schemes and the hybridized one computed considering four independent runs for each one. Results demonstrate that the hybrid optimization approach yields an initial significant computational saving, although this method is more prone to fall into local solutions. This is because the elitist chromosome obtained by the μGA and introduced into the PSO swarm attracts the rest of the swarm, reducing diversity and making the exploration of the solution space less effective. In short, if priority is given to accuracy against computational cost, then the PSO overcomes either μGA or the hybrid approach considered, as shown in Fig. 9 .
VI. CONCLUSIONS A reflectarray design method that combines a PSO-based scheme used to carry out the synthesis of the phases at each element of the reflectarray with a CG-FFT-based analysis tool used to obtain the elements design curves, has been presented. The analysis tool based on CG-FFT has been validated against results available in literature. Despite the fact that only monolayer structures can be considered, currently the method is being extended to allow the analysis of multilayer structures.
The synthesis results included demonstrate the usefulness of the approach presented. Furthermore, a thorough investigation has been carried out to cut down on the computational cost, which represents the main drawback of the method. For this reason, both PSO and μGA schemes as well as an hybridized version of those schemes have been analyzed, and their pros and cons reported and discussed, showing that the PSO based scheme offers the best trade-off between accuracy and computational cost. 
